Introduction
============

Driven by technological advances lipidomics and detailed lipid profiling gain currently increasing scientific interest. Lipids play important roles in cell physiology, for example as energy storage, bioactive molecules and main constituents of cellular membranes. The assessment of detailed membrane composition does not equal the extensive characterization of other cell constituents (e.g. proteins) that are accessible by 'omic' analyses. Using the now available analytical methods, the response of the membrane composition during changing environmental conditions can be monitored.

Cell membranes consist of a multiplicity of individual protein and lipid species with the main constituents belonging to only few distinct glycerophospholipid classes. The cytoplasmic membrane of many bacteria, including proteobacteria, as well as the inner side of the outer membrane mainly contains phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL) and the respective monoacyl‐glycerophospholipids (*lyso*‐PE, *lyso*‐PG) ([Fig. 1](#f1){ref-type="fig"}). The latter are part of the de‐acylation/re‐acylation cycle to control the overall lipid species compositions, catalysed by phospholipases, such as phospholipase A~2~ and *lyso*‐phospholipases that specifically release fatty acids from the *sn*2 position of the glycerol backbone ([@b53]).

![Glycerophospholipid classes of *P. putida*. PE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL, cardiolipin. *lyso*‐glycerophospholipid species are representative examples with the acyl moiety in *sn*1 position. Alkyl~1--4~ represents alkyl moieties (same or different ones).](mbt0005-0045-f1){#f1}

In contrast to eukaryotic cells, recent analyses revealed the absence of phosphatidylcholine (PC), phosphatidylinositol (PI) and sphingomyelin in *Escherichia coli* ([@b57]) and *Pseudomonas putida* ([@b3]). Indeed, glycerophospholipid biosynthesis in the γ‐proteobacteria prime model organism *E. coli* ([@b14]; [@b10]; [@b38]) misses genes coding for the required biosynthetic reactions. According glycerophospholipid and fatty acid biosynthesis pathways in *P. putida* can be assembled from genomic information \[*P. putida* strains KT2440 (AE015451.1), GB‐1 (NC_010322.1), F1 (NC_009512.1) and W619 (NC_010501.1) ([@b37])\] and entries of the KEGG pathway database ([Fig. 2](#f2){ref-type="fig"}). As visualized, prokaryotic membrane lipid diversity originates not from the number of distinct glycerophospholipid classes, but rather from complex fatty acid compositions ([@b11]). Bacterial membranes do not only consist of even‐numbered, straight‐chain fatty acids, which are found in eukaryotic glycerophospholipids, but also odd‐numbered, branched‐chain, as well as cyclic fatty acids ([@b36]; [@b19]).

![Biosynthesis routes of glycerophospholipids and fatty acids in *P. putida*. Abbreviations of the enzyme coding genes are: *eda*-- 2‐keto‐3‐deoxy‐6‐phospogluconate aldolase; *tpiA*-- triosephosphate isomerase; *gpsA*, *glpD*-- glycerol‐3‐phosphate dehydrogenase; *plsB*, *plsX*, *plsY*-- glycerol‐3‐phosphate acyltransferase; *plsC*-- 1‐acyl‐*sn*‐glycerol‐3‐phosphate acyltransferase; *cdsA*-- phosphatidate cytidylyltransferase; *pgsA*-- CDP‐diacylglycerol‐glycerol‐3‐phosphate‐3‐phosphatidyltransferase; *pgpA*-- phosphatidylglycerophosphatase A; *cls*, *cls*‐2 -- cardiolipin synthase; *pssA*-- phosphatidylserine synthase; *pssA*‐2 -- CDP‐deacylglycerol‐serine *O*‐phosphatidyltransferase; *psd*-- phosphatidyl serine decarboxylase; *accC*‐1; *accB*, *accA*, *accD*-- acetyl‐CoA carboxylase subunits; *fabD*-- malonyl‐CoA‐\[acp\] transacylase; *fabH*-- beta‐ketoacyl‐carrier protein synthase I; *fabB*, *fabF*-- 3‐oxoacyl‐\[acp\] synthase I/II; *fabG*-- 3‐ketoacyl‐\[acp\] reductase; *fabZ*-- (3R)‐hydroxymyristol‐\[acp\] dehydratase; *fabA*-- 3‐hydroxydecanoyl‐\[acp\] dehydratase/isomerase; *tesB*-- acyl‐CoA thioesterase. Un‐annotated genes are defined as follows: PP_0058 -- phospholipid/glycerol acyltransferase; PP_3303 -- 3‐oxoacyl‐\[acp\]‐synthase II; PP_2783 -- 3‐oxoacyl‐\[cp\] reductase; PP_4635 --*trans*‐2‐enoyl‐CoA reductase; PP_0217 -- fatty acid desaturase; PP_2308 -- putative acyl‐CoA thioesterase II; PP_5331 -- thioesterase superfamily protein; PP_2318 -- GDSL family lipase.](mbt0005-0045-f2){#f2}

The molecular basis of bacterial glycerophospholipid diversity has intensively been studied for a number of Gram‐negative and ‐positive bacteria ([@b39]; [@b47]; [@b7]), foremost *E. coli* ([@b14]). Distinguished glycerophospholipid profiles include studies of the actinobacterium *Corynebacterium* sp. strain 8 ([@b41]), and the methylotrophic bacterium *Methyloxiunus trichosporium* ([@b16]), while a comparative analysis was carried out on five *P. putida* strains ([@b15]).

For *P. putida* extensive evidence for long‐ and short‐term alterations of the inner and outer membrane due to toxic organic solvent exposure exists ([@b50]), and growth in the presence of a second phase of toluene ([@b34]), styrene ([@b45]) or n‐octanol ([@b4]) has been shown. Solvent toxicity can be correlated to low logarithms of the partitioning coefficient in an n‐octanol water mixture (logP~ow~ \< 4) indicating preferred membrane partitioning with disintegration of membrane structure and vital cellular functions ([@b51]). Aiming for constant membrane fluidity, described via the transition temperature (T~m~), cells try to sustain both proton gradient (ΔpH) and membrane potential (ΔΨ) ([@b55]; [@b51]) to enable functional protein embedding (e.g. integral efflux pumps). The transition temperature is determined by the glycerophospholipid composition ([@b6]; [@b3]); depends on the glycerophospholipid head group: T~m~ (CL) \> T~m~ (PE) \> T~m~ (PG); and increases proportional to chain length, saturation degree and *cis*/*trans* ratio of the acyl moieties ([@b58]; [@b56]).

The latter, i.e. *cis/trans* isomerization, allows short‐term alterations (in the minute range) of unsaturated fatty acids, the only post‐biosynthetic modification of the acyl‐chain in response to organic solvents ([@b26]). Long‐term alterations embrace modifications of the glycerophospholipid properties including: (i) the saturation degree of fatty acids ([@b47]), (ii) the glycerophospholipid head group composition ([@b11]), (iii) the phospholipid turnover rates, (iv) the fatty acid chain length and (v) the total phospholipid content ([@b45]). Toxic organic solvents entail the inhibition of phospholipid biosynthesis ([@b55]) and alterations of the outer membrane ([@b4]; [@b19]), including denser packing of anionic membrane molecules \[e.g. lipopolysaccharides (LPS) and outer membrane proteins (OMP)\], to increase hydrophobicity and hamper the accumulation of toxic hydrocarbons ([@b54]). Notably, both lipid profiling and adaptation studies reported mostly limited analyte numbers (*n* ≤ 21).

The unambiguous identification of glycerophospholipids is necessary to gain further insights into their complex functionalities. Different mass spectrometric techniques coupled to gas chromatography (GC) or thin‐layer chromatography (TLC) have been established that, however, require additional sample preparations (e.g. derivatization) and potentially introduce undesired artefacts (e.g. analyte oxidation) ([@b23]). Full glycerophospholipid profiling at satisfying reproducibility was achieved by high‐performance liquid chromatography coupled online to mass spectrometry by electrospray ionization mass spectrometry (LC/ESI‐MS) ([@b16]; [@b41]). Recently, hybrid linear ion trap‐Fourier transform ion cyclotron resonance mass spectrometry (LIT‐FTICR‐MS) enabled the simultaneous profiling of various glycerophospholipid species in complex biological samples, taking advantage of high mass resolution and accuracy. We reported an ESI‐LIT‐FTICR‐MS method coupled to reversed‐phase high‐performance liquid chromatography (RP‐HPLC) ([@b25]) for the relative quantification of glycerophospholipid species with the advantage of low absolute instrumental detection limits (∼0.05 pmol) and a high linear dynamic range (1.5--2.5 magnitude), and reported one of the few available software solutions for HPLC/ESI‐LIT‐FTICR‐MS data ([@b24]).

Equipped with this analytical toolbox, we revisited the glycerophospholipid inventory of *Pseudomonas* in the context of the genetic background and the metabolic pathways of both glycerophospholipid and *de novo* fatty acid biosynthesis. Based on the current scientific interest in biobutanol production and existing evidence of increased n‐butanol tolerance by *P. putida* DOT‐T1E and S12, as well as *Pseudomonas* sp. strain VLB120 ([@b52]), we investigated the glycerophospholipid profiles of these strains during n‐butanol exposure with respect to compositional variations of membrane glycerophospholipids at changing environmental conditions.

Results
=======

Glycerophospholipid inventory of *P. putida*
--------------------------------------------

We revisited the glycerophospholipid inventory of organic solvent‐sensitive and solvent‐tolerant *P. putida* strains, namely the GRAS classified strain *P. putida* KT2440, the solvent‐tolerant strains *P. putida* DOT‐T1E and S12, and the multipurpose \[e.g. biocatalysis and solvent tolerance ([@b45]), biofilm producing ([@b20])\] strain *Pseudomonas* sp. VLB120. Distinct species of phosphatidylethanolamine, phosphatidylglycerol and cardiolipin were characterized referring to the number of carbon atoms and unsaturated carbon bonds ([Fig. 3A](#f3){ref-type="fig"}), with more detailed information given in Table S1. The novel LIT‐FTICR‐MS technique was thereby complemented with GC/MS analysis of the hydrolysed glycerophospholipids to obtain the relative amounts of the total fatty acid moieties ([Fig. 3B](#f3){ref-type="fig"}).

![Comparative analysis of the glycerophospholipid inventory of four pseudomonads, *P. putida* KT2440, DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120. Analysis refers to: (A) the relative amounts of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL) and respective *lyso*‐species; (B) detectable fatty acid moieties within all glycerophospholipid species; (C) the relative distribution of the glycerophospholipid classes. Percentage values are calculated from the ratio of the peak area of a glycerophospholipid (LC/MS) or fatty acid species (GC/MS) to the respective overall areas.](mbt0005-0045-f3){#f3}

The evaluation of these detailed profiles resulted in relative distributions of the glycerophospholipid species (head group composition) ([Fig. 3C](#f3){ref-type="fig"}). All here investigated *Pseudomonas* strains revealed phosphatidylethanolamine as the main membrane component, contributing on average two‐thirds of the total glycerophospholipid fraction. At low amounts of cardiolipin (\< 5%), phosphatidylglycerol was the second most abundant class accounting for approximately one‐third. The *lyso*‐forms of phosphatidylethanolamine and phosphatidylglycerol were detected in traces (\< 1% of the total glycerophospholipid pool) ([Fig. 3C](#f3){ref-type="fig"}). Notably, the four strains revealed similar glycerophospholipid composition, only *Pseudomonas* sp. strain VLB120 exhibited increased phosphatidylethanolamine (72% compared with 62%) at the expense of phosphatidylglycerol (23% compared with 33%). The determined glycerophospholipid compositions are comparable to literature: the membrane fractions of phosphatidylethanolamine in *P. putida* S12 and *P. putida* DOT‐T1E were reported to be 60% ([@b30]) and 75% ([@b50]) respectively.

Existing variations between our data and previous reports, for example the detection of the phosphatidylethanolamine derivates dimethyl‐ and monomethylphosphatidyl ethanolamine (DMPE and MMPE) ([@b40]), might result from different analytical methods and/or culture conditions, as shown for growth rate‐dependent phosphatidylethanolamine and phosphatidylglycerol synthesis in *E. coli* ([@b1]).

The relative amount of the different glycerophospholipid species varied only slightly between the four strains ([Fig. 3A](#f3){ref-type="fig"}). Each major glycerophospholipid class contained more than 20 individual species that were characterized by their total number of carbon atoms within both fatty acid moieties and degree of saturation, for example PE(32:1) (Table S2). Additionally, MS^n^ experiments provided information on the individual fatty acid moieties. Hence, PE(32:1) comprises not only (16:0/16:1) but also contains the combination (15:0/17:1). Saturated and (mono‐)unsaturated fatty acids with a chain length of 13--22 carbon atoms were detected, with (16:0/16:1) and (18:0/18:1) as the major fatty acid moieties (Table S3), accounting for 93% up to 99% of the total acyl moieties ([Table 1](#t1){ref-type="table"}). In agreement with reports from the groups of Heipieper and de Bont ([@b27]; [@b58]), only small relative amounts of the cyclic fatty acids 17:0‐cyclo and 19:0‐cyclo and the methylated (branched‐chain) fatty acids 15:0‐iso/anteiso and 17:0‐iso/anteiso were present in *P. putida* during exponential growth ([Fig. 3B](#f3){ref-type="fig"}). Notably, about 77% of the total glycerophospholipids consisted of the most abundant phosphatidylethanolamine PE(32:1) and PE(34:1)/PE(34:2) and phosphatidylglycerol species PG(32:1) and PG(34:1)/PG(34:2) ([Table 1](#t1){ref-type="table"}).

###### 

Relative amounts of the major glycerophospholipid species and fatty acid moieties.

                              Relative amount of 32:1/34:1/34:2 (%)   Relative amount of 16:0/16:1/18:0/18:1 (%)        
  --------------------------- --------------------------------------- -------------------------------------------- ---- -----------
  *P. putida* KT2440                                                                                                    
   0% n‐butanol non‐treated   81                                      85                                           78   93 ± 6
   0% n‐butanol treated       81                                      84                                           78   82 ± 6
   1% n‐butanol non‐treated   81                                      75                                           75   99 ± 0
   1% n‐butanol treated       84                                      14                                           52   99 ± 0
  *P. putida* DOT‐T1E                                                                                                   
   0% n‐butanol non‐treated   78                                      84                                           78   99 ± 0
   0% n‐butanol treated       79                                      84                                           78   99 ± 0
   1% n‐butanol non‐treated   12                                      6                                            9    54 ± 1
   1% n‐butanol treated       83                                      88                                           81   98 ± 2
  *P. putida* S12                                                                                                       
   0% n‐butanol non‐treated   81                                      78                                           77   99 ± 0
   0% n‐butanol treated       81                                      78                                           78   99 ± 0
   1% n‐butanol non‐treated   77                                      57                                           61   95 ± n.d.
   1% n‐butanol treated       82                                      66                                           73   99 ± 0
  *Pseudomonas* sp. VLB120                                                                                              
   0% n‐butanol non‐treated   79                                      82                                           76   99 ± 0
   0% n‐butanol treated       78                                      82                                           76   99 ± 0
   1% n‐butanol non‐treated   80                                      75                                           72   98 ± 0
   1% n‐butanol treated       79                                      81                                           76   99 ± 0

The relative amounts of 32:1/34:1/34:2 phosphatidylethanolamine and phosphatidylglycerol were calculated from their abundance within the respective glycerophospholipid class multiplied with the relative amount of these classes. The relative amount of the major fatty acid moieties 16:0/16:1/18:0/18:1 was calculated for the total glycerophospholipid pool. Free fatty acids were not considered. Errors represent the standard deviation of independent experiments (*n* = 2--8). n.d.: not determined because of missing replicates.

Besides glycerophospholipid profiling with respect to acyl moieties and lipid species, we determined features of the fatty acid moieties like the degree of saturation and the ratio between the *cis*‐ and *trans*‐isomers of unsaturated fatty acids. Please note that this was only determined for 18:1 and not for 16:1 unsaturated fatty acids. The latter fatty acid isomers were not resolved by the applied GC separation. Still *cis/trans* isomerization could be addressed as isomerization of both 16:1 and 18:1 fatty acid moieties respond qualitatively comparable in response to organic solvents ([@b21]; [@b58]; [@b32]; [@b31]). These modifications are important for membrane function as they define the membrane structure and hence the transition temperature (T~m~), which directly influences membrane fluidity and the movement (e.g. free rotation and lateral movements) of membrane lipids and proteins ([@b28]; [@b8]). We defined the degree of saturation as the number of double bonds over the total number of detected glycerophospholipids. LC/MS analyses indicated saturation degrees of about 70% (*P. putida* DOT‐T1E 67 ± 4%, KT2440 71 ± 6%, S12 70 ± 11%, *Pseudomonas* sp. strain VLB120 67 ± 15%). These values are in agreement with previous studies, for example with a saturation degree of 67% for *P. putida* S12 grown on glucose or LB medium ([@b58]).

Membrane density changes in accordance with the existence and conformation of unsaturated carbon bonds. Saturated fatty acids have straight acyl chains and *cis*‐unsaturated isomers introduce a kink in the acyl chain ([@b35]), whereas *trans*‐isomers almost resemble saturated fatty acids. The *cis*/*trans* ratio of 18:1 unsaturated fatty acids is therefore an interesting characteristic, whose rapid alteration (in the minute range) enables solvent‐tolerant pseudomonads to survive environmental stresses ([@b51]). Calculated for 18:1 fatty acids a three‐ to fivefold excess of the *cis*‐isomer was detected for the *P. putida* strains KT2440, DOT‐T1E and S12 ([Table 2](#t2){ref-type="table"}). In contrast *Pseudomonas* sp. strain VLB120 exhibited an 18:1‐*cis/trans* ratio of 1.6 ± 0.2, which depicts the main difference within the glycerophospholipid profiles of the investigated strains.

###### 

Glycerophospholipid profiles of non‐treated and treated *P. putida* strains: the relative amount of the glycerophospholipid classes, the degree of saturation and the *cis/trans* ratio.

                              Glycerophospholipid classes (%)   Degree of saturation[a](#t2n1){ref-type="table-fn"}   *Cis/trans* ratio[b](#t2n2){ref-type="table-fn"}             
  --------------------------- --------------------------------- ----------------------------------------------------- -------------------------------------------------- --------- ------------
  *P. putida* KT2440                                                                                                                                                               
   0% n‐butanol non‐treated   62 ± 2                            33 ± 3                                                4± 1                                               71 ± 6    3.4 ± 0.8
   0% n‐butanol treated                                                                                                                                                            2.3 ± 0.7
   1% n‐butanol non‐treated   59 ± 1                            36 ± 1                                                4 ± 0                                              71 ± 4    5.2 ± 0.3
   1% n‐butanol treated       56 ± 8                            41 ± 6                                                3 ± 1                                              46 ± 13   6.4 ± 0.3
  *P. putida* DOT‐T1E                                                                                                                                                              
   0% n‐butanol non‐treated   64 ± 2                            33 ± 2                                                3± 0                                               67 ± 4    4.9 ± 0.5
   0% n‐butanol treated                                                                                                                                                            4.8 ± 0.5
   1% n‐butanol non‐treated   53 ± 0                            45 ± 0                                                2 ± 0                                              18 ± 0    n.a.
   1% n‐butanol treated       66 ± 1                            30 ± 0                                                3 ± 0                                              67 ± 0    4.6 ± n.d.
  *P. putida* S12                                                                                                                                                                  
   0% n‐butanol non‐treated   59 ± 2                            38 ± 2                                                3± 0                                               70 ± 11   3.2 ± 1.0
   0% n‐butanol treated                                                                                                                                                            2.4 ± 0.3
   1% n‐butanol non‐treated   71 ± 0                            12 ± 0                                                15 ± 0                                             65 ± 1    1.2 ± n.d.
   1% n‐butanol treated       62 ± 0                            34 ± 0                                                4 ± 0                                              74 ± 5    2.3 ± 0.1
  *Pseudomonas* sp. VLB120                                                                                                                                                         
   0% n‐butanol non‐treated   72 ± 2                            24 ± 1                                                4± 1                                               67 ± 0    1.6 ± 0.2
   0% n‐butanol treated                                                                                                                                                            2.7 ± 0.6
   1% n‐butanol non‐treated   74 ± 6                            18 ± 9                                                7 ± 3                                              69 ± 0    1.1 ± 0.8
   1% n‐butanol treated       72 ± 2                            23 ± 2                                                5 ± 0                                              67 ± 0    1.7 ± n.d.

The degree of saturation was calculated as the number of saturated double bonds over the total number of fatty acids.

The *cis/trans* ratio represents the ration of 18:1‐*cis* to 18:1‐*trans* fatty acids. Errors represent the standard deviation of independent experiments (*n* = 2--8). n.d.: not determined because of missing replicates; n.a.: not analysed.

Application: n‐butanol exposition
---------------------------------

Equipped with the comprehensive inventory of glycerophospholipid species, we wanted to understand the effect of the short‐chain alcohol n‐butanol \[logP~ow~ 0.8, maximum membrane accumulation of 1.59 M ([@b42])\], a promising synthon for chemical industry, on the glycerophospholipid composition of *P. putida*. We previously suggested *P. putida* DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120 as possible candidates for biobutanol production as treated cells, sequentially transferred between LB agar plates in an airtight desiccator with an n‐butanol saturated gas phase, had lower energy requirements for cell maintenance than non‐treated cells of the same strains when grown in the presence of 1% (v/v) n‐butanol ([@b52]).

Hereafter, we refer to treated cells when strains underwent the sequential transfer procedure, while exposed cells were grown in shake flask where 1% (v/v) n‐butanol was added at the time of inoculation. At reference conditions (w/o n‐butanol exposure) the glycerophospholipid profiles of non‐treated and treated cells revealed few differences. Only minor changes (below 2.5% relative difference) were observed for the cardiolipin species CL(70:3) and CL(70:4) in *P. putida* DOT‐T1E and KT2440. In contrast, the relative amounts of the major fatty acids (16:1/16:0) and (18:1/18:0) changed significantly towards the unsaturated species ([Fig. 4B](#f4){ref-type="fig"}), while the total relative amount of these fatty acids (about 99%) was not affected in the solvent‐tolerant strains *P. putida* DOT‐T1E, S12 and *Pseudomonas* sp. VLB120 ([Table 1](#t1){ref-type="table"}). *Pseudomonas putida* strain KT2440 slightly shifted the composition of fatty acid moieties during n‐butanol treatment from 16:0 and 18:1 towards the fatty acids 17:0/17:1 and 20:1 (see [Table 1](#t1){ref-type="table"}).

![Relative differences of the glycerophospholipid species and fatty acid moieties of *P. putida* following n‐butanol exposure. A. Relative differences in the relative amounts of glycerophospholipid species were calculated compared with the average of non‐treated and treated cells grown at reference conditions. B. Relative differences of the relative amounts of fatty acid moieties compared with the average abundance of fatty acids of non‐treated cells grown at reference conditions. Abbreviations: wt, non‐treated; t, treated cells.](mbt0005-0045-f4){#f4}

Exposed to the non‐lethal n‐butanol concentration of 1% (v/v), the four *Pseudomonas* strains specifically responded by both short‐ and long‐term adaptation mechanisms. We first analysed general modifications of the glycerophospholipid compositions including: (i) the glycerophospholipid species, (ii) the glycerophospholipid head group composition and (iii) the chain length of fatty acid moieties.

Major alterations of the glycerophospholipid composition were only detected for the main species within each class ([Fig. 4A](#f4){ref-type="fig"}). Generally, PE(32:1) levels were enhanced, while most experimental conditions showed decreased fractions of PE(34:1)/PE(34:2) and PG(32:1)/PG(34:1)/PG(34:2). As expected from the consecutive biochemical pathway ([Fig. 2](#f2){ref-type="fig"}), the cardiolipins resembled the distribution of the phosphatidylglycerol species. Significantly altered relative amounts and overall contributions of the main phosphatidylglycerol species were observed for only two experimental conditions: (i) treated cells of *P. putida* KT2440 exposed to n‐butanol had a considerably diminished relative amount of the major phosphatidylglycerol species PG(32:1), PG(34:1) and PG(34:2), and (ii) non‐treated cells of the solvent‐tolerant *P. putida* strain DOT‐T1E showed the relative amounts of PG(32:1), PG(34:1) and PG(34:2) and the corresponding phosphatidylethanolamine species, PE(32:1), PE(34:1) and PE(34:2), declining in the same manner ([Table 1](#t1){ref-type="table"}).

The relative amounts of the three glycerophospholipid classes, phosphatidylethanolamine, phosphatidylglycerol and cardiolipin, were also affected by n‐butanol exposure. Both non‐treated *P. putida* DOT‐T1E and KT2440 exhibited a shift from phosphatidylethanolamine to phosphatidylglycerol at slightly decreasing cardiolipin amounts (e.g. 64% compared with 53% for phosphatidylethanolamine and 33% compared with 45% for phosphatidylglycerol in *P. putida* DOT‐T1E). A different reaction was observed for non‐treated cells of *P. putida* S12 and *Pseudomonas* sp. strain VLB120, which reacted to n‐butanol by enhanced phosphatidylethanolamine and cardiolipin levels at contemporaneously diminished relative amounts of phosphatidylglycerol ([Table 2](#t2){ref-type="table"}).

The treatment procedure resulted in membrane alterations that differed from that of non‐treated cells. Treated cells of the three solvent‐tolerant strains *P. putida* DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120 almost maintained their original membrane lipid composition with the relative differences of the major glycerophospholipid species mostly below ± 5% ([Fig. 4A](#f4){ref-type="fig"}). Differing results were obtained from the application of treated *P. putida* KT2440 where n‐butanol treatment enforced the extent of glycerophospholipid alterations after n‐butanol exposure.

Considering environmental stresses, like n‐butanol exposure, the structural composition of the fatty acid moieties has to be addressed in addition to the glycerophospholipid inventory. The acyl moieties at *sn*1 position, which are introduced by the *sn*‐glycerol‐3‐phosphate acyltransferase (PlsB), are one possible regulation site within glycerophospholipid synthesis ([@b60]). Exposed to n‐butanol, the relative amounts of the major fatty acid moieties, 16:0, 16:1, 18:0 and 18:1, of both non‐treated and treated cells were maintained at the constant level of approximately 99% ([Table 1](#t1){ref-type="table"}). Only non‐treated cells of *P. putida* DOT‐T1E revealed significant relative amounts of the fatty acids 13:0, 14:0 and 15:0 iso/anteiso ([Fig. 4](#f4){ref-type="fig"}). As a result, the contribution of 16:1/16:0 and 18:1/18:0 fatty acids to the total acyl moieties decreased from 99 ± 0% to 54 ± 1%.

Besides the above depicted possibilities of compositional membrane changes, pseudomonads can alter their fatty acids in response to organic solvents by: (i) changing the degree of saturation and (ii) changing the *cis*/*trans* isomeric ratio of the unsaturated fatty acids. In this study, diverse changes in the fatty acid composition were recorded ([Table 2](#t2){ref-type="table"}). While the overall degree of saturation in non‐treated cells did not change in the presence of n‐butanol, a lower content of saturated fatty acid moieties within the phosphatidylglycerol species was observed for treated *P. putida* KT2440 \[([Fig. 4](#f4){ref-type="fig"}), degree of saturation approximately 15%\], which resulted in a significant decrease of the overall saturation (71 ± 4% to 46 ± 13%). In this strain no *cis/trans* isomerization of 18:1 unsaturated fatty acid moieties was observed, but an increase in the relative amount of *cis*‐unsaturated 18:1 fatty acid moieties ([Table 2](#t2){ref-type="table"}). A behaviour contrary to that of *P. putida* KT2440 was depicted in solvent‐tolerant *P. putida* DOT‐T1E. Non‐treated cells of this strain revealed a more than threefold lower degree of saturation, 18 ± 0% compared with 67 ± 4%, after n‐butanol exposure, while treated cells were able to maintain both saturation degree and *cis/trans* ratio ([Table 2](#t2){ref-type="table"}).

Notably, only slight changes of the saturation degree were observed for the solvent‐tolerant strains *P. putida* S12 and *Pseudomonas* sp. strain VLB120. These strains reacted to both the treatment procedure and n‐butanol exposure by *cis/trans* isomerization of 18:1 unsaturated fatty acid moieties. For example, non‐treated *P. putida* S12 grown in the presence of n‐butanol had a higher content of *trans*‐18:1. Interestingly, the *cis/trans* ratio of treated *Pseudomonas* sp. strain VLB120 exposed to n‐butanol equalled that of non‐treated cells under normal growth conditions (1.6 ± 0.2 and 1.7 ± n.d. respectively), thereby indicating a higher content of *cis*‐unsaturated fatty acids in treated *Pseudomonas* sp. VLB120 cells without n‐butanol exposure (2.7 ± 0.6).

Differences in the change of the glycerophospholipid composition between the solvent‐tolerant strains and *P. putida* KT2440 were observed. These differences in the response to n‐butanol exposure, irrespective of the conserved genetic inventory, imply differences in the (transcriptional) regulation of both fatty acid and glycerophospholipid biosynthesis.

Discussion
==========

Glycerophospholipid inventory of *P. putida*
--------------------------------------------

The analytical possibilities in life sciences are rapidly expanding, including the determination and quantification of lipid species. We used these new possibilities to revisit in depth the glycerophospholipid composition of the Gram‐negative γ‐proteobacterium *P. putida*, as distinct strains can alter their membrane composition to allow growth in the presence of highly toxic organic solvents ([@b59]; [@b55]; [@b9]; [@b31]), including octanol and styrene. The *Pseudomonas* genus is characterized by the presence of the common bacterial phospholipids phosphatidylethanolamine, phosphatidylglycerol and cardiolipin ([@b12]; [@b51]). We observed congruent compositions of the three major phospholipid classes and their respective *lyso*‐forms in four strains; in total 305 distinct glycerophospholipids. Notably, unlike [@b15]), no dimethyl‐phosphatidylethanolamine or monomethyl‐phosphatidylethanolamine were detected. These differences might be explained by glycerophospholipid composition changes that occur in dependence of growth conditions ([@b44]; [@b46]), the exposure to cyclic hydrocarbons \[e.g. BTEX and phenol ([@b26]; [@b58]; [@b47])\], aliphatic alcohols \[e.g. ethanol ([@b13])\] and other organic solvents ([@b33]; [@b22]).

Application: n‐butanol exposition
---------------------------------

Since *P. putida* was suggested as host for n‐butanol production ([@b43]), we investigated the response of the glycerophospholipid composition in the presence of this aliphatic alcohol rather than to the traditionally investigated aromatic hydrocarbons ([@b35]) that are important during bioremediation. Exposed to a non‐lethal n‐butanol concentration of 1% (v/v), the investigated strains showed changes in the *cis/trans* ratio and modified head group compositions; responses previously reported during adaptation of *P. putida* to toluene and other aromatic carbohydrates ([@b50]). An increase of *trans*‐unsaturated fatty acids compensates for fluidizing effects due to organic solvents and suggests high *cis/trans* isomerase (Cti) activity. The compositional alteration of the glycerophospholipid inventory of *Pseudomonas* was strain specific. Notably, the glycerophospholipid composition of cells, which were exposed to n‐butanol before the actual experiment, differed significantly from phosphatidylglycerol compositions of non‐treated cells, suggesting some kind of long‐term adaptation.

*Cis/trans* isomerases exist in all tested *Pseudomonas* strains \[*P. putida* DOT‐T1E and S12 ([@b30]; [@b3]) and *Pseudomonas* sp. strain VLB120 (J. Kalinowski, L.M. Blank and A. Schmid, unpubl. result)\] and are not limited to solvent‐tolerant strains \[*P. putida* KT2440 (AE015451.1, geneID 1045408) ([@b2])\]. Notably, our results suggest that the Cti of *P. putida* KT2440 is non‐functional in the presence of n‐butanol.

High accumulation of extracellular n‐butanol in the cytoplasmic membrane subsequently disintegrates the lipid bilayer. The here applied n‐butanol concentration (1% v/v) at the measured n‐butanol decrease of 24 ± 5 mmol l^−1 ^h^−1^ (loss due to evaporation and consumption) fully induced adaptation mechanisms over the experimental time‐course. Full activity of the *cis/trans* isomerase can be assumed, as the half maximum *trans/cis* ratio (*trans/cis*~50~) in *P. putida* S12 was assigned at 41.2 mM \[0.38% (v/v)\] of n‐butanol ([@b29]). With n‐butanol degradation in *P. putida* KT2440 equal to that of tolerant strains, n‐butanol consumption can be neglected as reason for strain‐specific effects on the glycerophospholipid composition. Nevertheless, the slight changes in the glycerophospholipid profiles, relating to mostly growth and energy independent mechanisms \[e.g. *cis/trans* isomerization ([@b29])\], support our hypothesis that the reduced n‐butanol effect on treated *P. putida*\[i.e. long‐term exposed to n‐butanol ([@b52])\] originated from membrane alterations.

Our findings from both metabolic pathway analysis ([@b52]) and glycerophospholipid profiling hint for the regulation of environmental effects on the transcriptional level. For example, significantly increased fractions of shorter‐chain‐length fatty acids and reduced fractions of saturated fatty acids in n‐butanol exposed non‐treated *P. putida* DOT‐T1E might result from n‐butanol inhibition of *de novo* fatty acids biosynthesis by the FasII system, as previously reported for ethanol ([@b26]). Furthermore, regulation of fatty acid and glycerophospholipid biosynthesis on the transcriptional level can be correlated to: (i) expression of the *fabA* and *fabB* genes, which are regulated by the transcription factors of fatty acid biosynthesis (FabR) and degradation (FadR) ([@b17]; [@b62]), (ii) the *sn*‐glycerol‐3‐phosphate acyltransferase PlsB and the availability of acyl donors (acyl‐ACP or acyl‐CoA), and (iii) the CDP‐diacylglycerol‐glycerol‐3‐phosphate‐3‐phosphatidyltransferase PgsA playing a role in maintaining head group composition. Indeed, we observed in experiments with *P. putida* S12 and *Pseudomonas* sp. strain VLB120 slight changes in head group composition after n‐butanol exposure ([Table 2](#t2){ref-type="table"}). Different reactions of non‐treated and treated cells of these strains with respect to the glycerophospholipid classes could be correlated to the respective sensitivity towards n‐butanol accumulation in the phospholipid bilayer and required stabilizing effects by higher phosphatidylethanolamine or cardiolipin amounts. Here, the role of glycerophospholipids via feedback inhibition onto the FasII enzymes ([@b18]; [@b61]) enables the coordination of glycerophospholipids with cell growth in dependence of the encountered environment, which is a basic function for organic solvent (n‐butanol) resistance. With a high number of analytes, investigation of their origin from either directed regulation or enzymatic side‐activity has to be investigated. Based on our results biological consequences of minor changes in the glycerophospholipid profiles could be further addressed in more detail.

Conclusion
----------

The glycerophospholipid compositions of cellular membranes of *Pseudomonas* were comprehensively determined. The relative abundance of molecular lipid species is the basis for biophysical models that describe and predict structure--function relationships of cellular membranes. Such detailed understanding is necessary to comprehend the different adaptation strategies, which we observed for the investigated strains when exposed to n‐butanol. More generally, we expect major findings from detailed glycerophospholipid analysis, which is mainly driven by the availability of new high‐resolution analytical techniques, as the one used here, for the so‐called lipidome analysis.

Experimental procedures
=======================

Chemicals
---------

Acetonitrile, methanol and water were of LC/MS grade, chloroform and n‐propanol were of HPLC grade. All solvents were purchased from Carl Roth GmbH & Co.KG (Karlsruhe, Germany) or Sigma‐Aldrich Chemie GmbH. Ammonium acetate and acetic acid of analytical grade were obtained from Merck KGaA (Darmstadt, Germany). n‐Butanol and media components were purchased from Sigma Aldrich/Fluka Chemie AG (Buchs, Switzerland) and Difco Laboratories (Detroit, USA) at the highest grade available. Trimethylsulfoniumhydroxid (0.25 M in methanol) for derivatization of fatty acids was obtained from Macherey‐Nagel (Düren, Germany).

Bacterial strains, culture media, treatment and growth conditions
-----------------------------------------------------------------

*Pseudomonas putida* DOT‐T1E ([@b49]), KT2440 ([@b48]), S12 ([@b59]) and *Pseudomonas* sp. strain VLB120 ([@b45]) were investigated in this study. Glucose‐supplemented LB medium was used for cultivation, containing (per litre) 10 g of peptone/tryptone, 5 g of yeast extract and 5 g of sodium chloride. All strains were incubated at 30°C in a horizontal shaker (200 r.p.m.) using 50 ml of medium in 500 ml baffled shake flasks. Growth was monitored by measuring the optical density at a wavelength of 600 nm (OD~600~) using a plate reader (Infinite 200 Pro series, Tecan GmbH, Crailsheim, Germany). An OD~600~ value of 1.0 correlated to a cell dry weight (CDW) of 1.18 g~CDW~ l^−1^.

Adaptation to n‐butanol was carried out as published previously ([@b52]). Briefly, cells were exposed to n‐butanol during growth on LB agar plates using an airtight desiccator with an n‐butanol saturated gas phase at 30°C. Colonies were repeatedly transferred every 2 days to new plates for at least 15 times, before harvesting and storage at −80°C prior to shake‐flask experiments. Cells that underwent this procedure are referred to as treated cells.

Shake‐flask experiments were started from *P. putida* overnight cultures with an inoculation volume of 1% (v/v). Cells harvested from cultures with addition of 1% (v/v) of n‐butanol are referred to as exposed cells. Bacteria were harvested at a biomass concentration of 1 g~CDW~ l^−1^ (OD~600~ = 0.8). For glycerophospholipid extraction the method of Bligh and Dyer was modified ([@b5]), omitting the use of an aqueous phase to increase the recovery of acidic glycerophospholipids. Lipid extraction was started with 15 mg~CDW~ using the appropriate volume of culture medium. For high analyte recovery, cell suspensions were transferred to Teflon centrifuge tubes and cells were harvested by centrifugation (5 min, 4633 *g*, −6°C; Heraeus Multifuge 1 R‐S). The cell pellet was gently washed with 3 ml of deionized water (0°C) and centrifuged again (5 min, 4633 *g*, −6°C) before resuspension in 3 ml of methanol (0°C) to quench all metabolic processes. For lipid extraction 6 ml of chloroform was added. The extraction was carried out by sonication (10 min), shaking (30 min), sonication (10 min) and shaking (60 min). Cell residues were separated by centrifugation (10 min, 4000 *g*, 0°C), the extracts transferred to silylated 1.5 ml glass vials, dried under nitrogen stream at 30°C and stored at −20°C. For analysis, the samples were reconstituted in a mixture of acetonitrile/methanol/chloroform (49:49:2, by volume).

High‐performance liquid chromatography/mass spectrometry
--------------------------------------------------------

For HPLC/MS analysis the reconstituted samples were adjusted to a final concentration of 5 mM ammonium acetate/50 mM acetic acid (pH 3.75). Chromatographic separations were performed with a Surveyor MS pump and Surveyor autosampler (Thermo Scientific, San Jose, CA, USA) with a 5 µl full loop injection using a microbore C~4~‐Nucleodur Gravity column (150 mm × 1 mm i.d., particle size 5 µm) from Macherey‐Nagel (Düren, Germany). The following binary gradient at a flow rate of 115 µl min^−1^ was applied: 50% solvent B isocratic for 2 min, followed by 50--75% in 33 min, 75--100% in 10 min, 100% isocratic for 20 min, from 100% to 50% in 1 min, and then 50% solvent B isocratic for 14 min. Mobile phase A consisted of 2.5% acetonitrile, 2.5% methanol and 95% H~2~O (v/v) with 5 mM ammonium acetate/50 mM acetic acid (pH 3.75). Mobile phase B contained 5% H~2~O, 25% n‐propanol, 35% acetonitrile and 35% methanol (v/v) with 5 mM ammonium acetate/50 mM acetic acid (pH 3.75).

ESI‐LIT‐FTICR‐MS experiments were carried out using a LTQ‐FT‐Fourier transform ion cyclotron resonance hybrid‐mass spectrometer (Thermo Scientific, Bremen, Germany) with a 7.0 Tesla actively shielded superconducting magnet and electrospray ionization source operated in the data‐dependent mode. Survey centroid MS spectra in the mass range *m/z* 185--1850 were acquired in the FTICR with a resolution *R* = 25 000 at *m/z* 400 (target accumulation value 5 000 000, maximal ion accumulation time 750 ms). The two most intensive ions were sequentially isolated for accurate mass measurements by a FTICR 'SIM scan' in a narrow mass window (± 5 Da, *R* = 50 000, target accumulation value 100 000, maximal ion accumulation time 750 ms) in the profile mode. Subsequent fragmentations (MS^2^, MS^3^) were performed in the linear ion trap by collision‐induced dissociation (CID) (target accumulation value 10 000, maximal ion accumulation time 150 ms). Former target ions selected for MS/MS were dynamically excluded for 60 s with a total cycle time of approximately 4.6 s. General MS conditions were: −3.5 kV spray voltage, 30 arbitrary units sheath gas flow, 5 arbitrary units auxiliary gas flow and 2 arbitrary units sweep gas flow. The temperature of the ion transfer tube was set to 225°C. Parameters for CID MS^2^ and MS^3^ experiments: 30% normalized collision energy, activation at *q* = 0.25 for 30 ms. Ion selection thresholds were 500 counts for SIM scans, 500 counts for MS^2^ and 100 counts for MS^3^ experiments.

Gas chromatography/mass spectrometry
------------------------------------

Aliquots (100 µl) of the reconstituted samples were transferred to silylated 200 µl glass inserts for 1.8 ml autosampler vials and dried under a nitrogen stream at 30°C. Samples were supplemented with 30 µl of chloroform and 70 µl of trimethyl‐sulfoniumhydroxid (0.25 M in methanol), mixed thoroughly, incubated for 60 min at 60°C and cooled down. A Focus GC coupled to a Polaris Q quadrupole ion trap mass spectrometer (both Thermo Scientific, Dreieich, Germany) equipped with a HP‐5 MS column (30 m; 0.25 mm i.d.; 0.25 µm film thickness; GGA, Moers, Germany) with the following temperature profile was used for analysis: 150°C (4 min), 2°C min^−1^, 250°C. One microlitre of sample was injected in splitless mode at 250°C injector temperature and a transfer capillary temperature of 280°C. The following mass spectrometric parameters were used: acquisition delay 3 min, ion source temperature 200°C, full scan range *m/z* 35--500, 70 eV electron impact ionization in the positive mode.

Profiler‐Merger‐Viewer software
-------------------------------

For conversion of the raw files into text files the implemented file converter of Xcalibur (Thermo Scientific) was used. Text files were further processed by the Profiler‐Merger‐Viewer tool written in Java ([@b24]).
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**Table S1.** Average distribution of the relative amounts of glycerophospholipid species for the investigated *P. putida* strains KT2440, DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120. Average relative amounts are calculated from both experimental and analytical replicates for each experimental set‐up. Data from replicates are provided in Tables S1a--S1d. Errors refer to the standard deviation of the data from replicates.

**Table S2.** Identified distinct glycerophospholipid species for the investigated *P. putida* strains KT2440, DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120. Distinct glycerophospholipid species are characterized by the respective fatty acid moieties in *sn*1*/sn*2 position. Fatty acid moieties written in bold letters refer to the prominent combinations that can be found in almost all samples.

**Table S3.** Average distribution of the relative amounts of fatty acid moieties of the distinct glycerophospholipid species for the investigated *P. putida* strains KT2440, DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120. Average relative amounts are calculated from experimental replicates for each experimental set‐up. Data from replicates are provided in Table S3a. Errors refer to the standard deviation of the data from replicates.

**Table S1a.** Distribution of the relative amounts of glycerophospholipid species for the single measurements (experimental and analytical replicates) of *P. putida* KT2440.

**Table S1b.** Distribution of the relative amounts of glycerophospholipid species for the single measurements (experimental and analytical replicates) of *P. putida* DOT‐T1E.

**Table S1c.** Distribution of the relative amounts of glycerophospholipid species for the single measurements (experimental and analytical replicates) of *P. putida* S12.

**Table S1d.** Distribution of the relative amounts of glycerophospholipid species for the single measurements (experimental and analytical replicates) of *Pseudomonas* sp. strain VLB120.

**Table S3a.** Distribution of the relative amounts of fatty acid moieties of the distinct glycerophospholipid species for the single measurements (experimental replicates) of the investigated *P. putida* strains KT2440, DOT‐T1E, S12 and *Pseudomonas* sp. strain VLB120.
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